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Abstract 
Nanostructured surfaces are known to provide excellent optical properties for various 
photonics devices. Fabrication of such nanoscale structures to germanium (Ge) surfaces by 
metal assisted chemical etching (MACE) is, however, challenging as Ge surface is highly 
reactive resulting often in micron-level rather than nanoscale structures. Here we show that 
by properly controlling the process, it is possible to confine the chemical reaction only to the 
vicinity of the metal nanoparticles and obtain nanostructures also in Ge. Furthermore, it is 
shown that controlling the density of the nanoparticles, concentration of oxidizing and 
dissolving agents as well as the etching time plays a crucial role in successful nanostructure 
formation. We also discuss the impact of high mobility of charge carriers on the chemical 
reactions taking place on Ge surfaces. As a result we propose a simple one-step MACE 
process that results in nanoscale structures with less than 10% surface reflectance in the 
wavelength region between 400 nm and 1600 nm. The method consumes only a small amount 
of Ge and is thus industrially viable and also applicable to thin Ge layers. 
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1. Introduction 
Germanium (Ge), which belongs to group IV like silicon 
(Si), has gained considerable attention as the next-generation 
material for photonics, wireless communication and optical 
semiconductor devices due to its high carrier mobility and 
superior absorption properties [1-4]. More specifically, Ge 
enables photon absorption in a much wider wavelength range 
than Si since Ge has a narrower bandgap (~0.67 eV) [5] than 
that of Si (~1.12 eV) [6]. Furthermore, due to the presence of 
direct bandgap transitions around 0.8 eV in Ge, only a thin 
layer is needed for efficient photon absorption. Despite of all 
these benefits, Ge devices are still today in infancy as 
compared to Si. One good example is how the surface 
reflectance and light trapping are controlled in state-of-the-art 
devices. Ge devices rely mostly on the conventional 
antireflection coatings with limited performance [7-9], while 
there are much more advanced technologies developed for Si 
that are based on nanotexturing the surfaces. Such texturing 
allows superior light absorption in a much wider wavelength 
range and also at large incidence angles [10]. There is clearly 
a need to have similar technologies developed for Ge as well 
since efficient photon capture is a pre-requisite for a high-
performance device in almost all photonics and optical 
applications. 
There are several different approaches developed for 
nanotexturing a Si surface; these are based on either 
femtosecond lasers [11], reactive ion etching [12] or metal 
nanoparticle assisted etching [13-16]. Out of these, the latter 
one, also known as metal assisted/catalyzed chemical etching 
(MACE, MCCE), has the highest industrial potential as it can 
be fully performed in normal wet benches without a need for 
any additional equipment making the process straightforward 
and low-cost. Therefore, it is no surprise that this technology 
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has already found its way to production even in highly price-
competitive Si photovoltaics [17-19]. 
In the case of Si, MACE process has enabled a drastic 
reduction of surface reflectance, even below 5%, within a 
wavelength range of 300-1100 nm [20]. In Ge, on the other 
hand, the MACE process is far less developed and there are 
only few works available [21-24]. The obtained reflectances 
are far from what has been achieved for Si and the best 
reported reflectance value is in the order of ~20% [22]. It 
seems that further reduction of the surface reflectance using 
MACE process has remained a challenge for Ge wafers. The 
root cause for the poor reflectance can be understood if we 
consider the chemistry behind the ideal MACE process. The 
metal nanoparticles (e.g. Pt [25,26], Au [27], Ag [28,29], Cu 
[30]) that are deposited on top of the wafer surface catalyze 
oxidation reaction so that the oxidation of the semiconductor 
takes place only under the metal nanoparticles. The 
preferential oxidation is then followed by subsequent 
dissolution with the etchant present in the same solution. This 
continuous process results in semiconductor consumption 
only under the nanoparticles resulting in the nanospike 
formation. Such process works indeed well in Si where the 
common MACE oxidant, H2O2, is reduced only within the 
vicinity of the metal nanoparticles. However, in the case of 
Ge, the reactivity with the common oxidizing agents is much 
higher, which results in fast oxidation of Ge surfaces even far 
away from the metal catalyst. Therefore, controlling the 
dimensions of the surface structures by MACE becomes much 
more difficult in Ge. Indeed, the reported MACE structures 
have appeared as shallow pits with micron scale resulting in 
only modest optical performance [22]. 
Recent studies have tried to tackle the fast oxidation rate of 
Ge surfaces to obtain more nanoscale structures with MACE. 
Both Ito et al. [21] as well as Lee et al. [22] suggested that by 
reducing the H2O2 concentration in the MACE solution, 
oxidation of Ge could be suppressed so that H2O2 would react 
only in the vicinity of the metal nanoparticles. However, in 
their studies Ag nanoparticles agglomerated to large clusters 
making nanostructure formation impossible. Lee et al. [22] 
had also troubles using HF as an etchant, thereby, they ended 
up proposing just diluted H2O2 for the structure formation 
since pure water is also known to dissolve oxidized Ge similar 
to HF but with a lower rate. Nevertheless, the solution without 
any HF etchant may not be industrially relevant as the process 
time extends easily to hours. Kawase et al. [23,24] had a 
different approach: they dissolved oxygen into water instead 
of using the common H2O2 oxidizing agent. Rezvani et al. 
[31], on the other hand, combined electrochemical etching to 
MACE by applying external bias voltage to Ge substrate in 
order to enhance current transport in the vicinity of the metal 
nanoparticles. While they both claimed nanostructure 
formation after such process modifications, neither optical nor 
electrical characterization was reported. Moreover, both of the 
proposed processes make the original MACE process much 
more complicated counterbalancing the original benefits of 
MACE (i.e. simplicity and low-cost). 
In this paper, our goal is to address the above challenge of 
Ge nanostructure formation by developing a simple MACE 
process where the Ge oxidation is confined to the vicinity of 
the metal nanoparticles and the enlargement of the patterns is 
limited by fast enough etching. The process is optimized by 
controlling the amount of H2O2 concentration, Ag 
nanoparticle concentration and the etching time. 
Consequently, we propose a simple one-step MACE process 
and study the resulting Ge nanostructure morphology with 
Scanning Electron Microscope (SEM). Furthermore, we 
characterize the optical properties of the nanostructures with 
wavelengths ranging from 400 nm to 1600 nm using UV-Vis-
NIR spectroscopy. Finally, the industrial applicability and 
other benefits of the developed process are discussed. 
2. Experimental details 
The substrates used in this study were antimony-doped (n-
type) 4” single-side polished Ge wafers with (100) orientation, 
a thickness of 175 μm and a resistivity of 0.01 - 0.4 Ωcm. Prior 
to the MACE process, the wafers were dipped in 0.5% HF 
solution for 20 s to remove any possible native oxide. The HF 
dip was followed by a subsequent few second DI-water (DIW) 
rinse. One wafer was kept as a reference experiencing no 
treatments and is later called as an as-received wafer. 
After preliminary tests we replaced the conventional multi-
step MACE process with a single solution that combines the 
metal nanoparticle deposition and the nanostructure 
formation. The solution consisted of the following mixture: 
HF (50 wt%) : H2O : H2O2 (30 wt%) = 49 : 198 : 10 with 
0.0004 mol/l of AgNO3. We noticed that by using AgNO3 
concentration that is much lower than conventionally used in 
MACE, it is possible to prevent Ag nanoparticle 
agglomeration to large clusters, which finally enables 
narrower structure formation. In order to better understand the 
role of the oxidant, the concentration of H2O2 was then varied 
so that the so-called ρ values (molar ratio of HF/(HF+ H2O2)) 
with different H2O2 concentration were 93%, 95%, 97% and 
99%. The etching time was also varied with specific intervals 
ranging from 3 min to 12 min. Finally, the samples were rinsed 
in DIW. The resulting structures were characterized with SEM 
and with integrating sphere-based UV-Vis-NIR spectroscopy. 
3. Results and discussion 
Since H2O2 plays a crucial role in the oxidation of Ge, we 
study first how the concentration of H2O2 affects the surface 
morphology after the one-step MACE process. Figure 1 shows 
cross-sectional SEM images of Ge surfaces after immersing 
the wafers for 3 min in MACE solution with various H2O2 
concentrations. It is seen that the process works surprisingly 
well and the surface nanostructures are indeed formed with 
 K. Chen et al  
 3  
 
this 1-step MACE solution. Furthermore, the figure shows that 
the H2O2 concentration clearly affects the size of the formed 
surface structures. The highest ρ value (Figure 1(a)) produces 
quasi-nano Ge structure with a diameter of approximately 200 
nm while the increase in H2O2 concentration gradually 
increases the diameter all the way to 1300 nm (Figure 1(b) to 
(d)). This tendency is in agreement with the earlier results 
[21,22], where increasing H2O2 concentration resulted in the 
enlargement of the structure diameters and the formation of 
inverted cone-shaped pores. 
The SEM images indicate that in the case of high oxidant 
concentration, the dimensions of the etch pits are no longer 
determined by the small metal nanoparticles. This 
phenomenon was associated by Lee et al. [22] and Ito et al. 
[21] to the earlier observation that the Ge surface reacts 
aggressively with H2O2/HF even without the presence of Ag 
nanoparticles and thus the corresponding oxidation/etching 
takes place also on bare Ge surfaces. However, this behavior 
could also be related to the high charge-carrier mobility 
present in Ge substrates. Positively-charged carriers (holes) 
are generated in Ge due to H2O2 decomposition in the vicinity 
of the Ge/Ag interface and the amount of generated holes is 
proportional to the H2O2 concentration. In the case of high 
H2O2 and low HF concentration, the excess holes may not be 
consumed by HF with fast enough rate emphasizing the role 
of both the oxidant concentration as well as the etchant 
concentration. Subsequently, if the excess holes are not 
consumed near the nanoparticles, they manage to diffuse far 
away from the nanoparticles accelerating the reaction also 
outside the nanoparticles. The high mobility of holes makes 
this phenomenon much more severe in Ge than in Si. In 
reality, both the general reactivity of bare Ge surfaces and the 
diffusion of excess carriers and their interplay are possible 
explanations for the observed non-ideal MACE process with 
the given chemical compositions. 
To investigate the optical performance of the same samples 
experiencing various ρ values, the reflectance spectra at a 
wavelength range of 400-1600 nm is presented in Figure 2. 
First, we can see that all the MACE etched surfaces reduce the 
reflectance quite significantly as compared to as-received 
wafers. Furthermore, the reflectance curves are relatively flat 
in all MACE samples having only a small peak around 600 
nm. If we first consider only the micron-scale structures (i.e. 
ρ values 93-97%) a clear trend in the reflectance is observed 
so that the lower the H2O2 concentration, the lower the 
reflectance. Thus, the lowest average reflectance (15.3%) is 
obtained with a ρ value of 97%. The trend can be explained by 
comparing the results with the surface structure morphologies 
(a) (b) 
(d) 
Figure 1. Cross-sectional SEM images of nanostructured Ge wafers etched for 3 min in 1-step MACE solution with 
different ρ values: (a) 99%, (b) 97%, (c) 95%, (d) 93%. 
(c) 
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(Figure 1). There seems to be a correlation between the 
structure diameter and reflectance so that the larger the 
structure diameter, the higher the reflectance. If we then focus 
our attention to the sample that had clearly different surface 
morphology (nanometer-scale dimensions, Figure 1(a)), we 
can see that it has different optical properties as compared to 
the micron-scale counterparts. The sample has the lowest 
reflectance in the UV (presumably because the depth of the 
nanostructures is close to the dimensions of the photon 
wavelengths) while in the IR the reflectance is much higher 
and approaches 25% likely due to the shallow nature of the 
nanostructures. 
In overall, all the reflectances reported above show only 
rather modest improvements as compared to state of the art 
[22] and are thus clearly not sufficient for most applications. 
The main reason for the modest reflectance is probably the 
shallow nature of the structures as already speculated above. 
More specifically, for instance Branz et. al. [32] have reported 
that reflection losses (especially at longer wavelengths) can be 
suppressed by forming deeper nanostructures. Such deep 
nanostructures are often obtained by proper tuning of the 
etching time [16]. 
In the above experiments, the etching time was only 3 
minutes, therefore, it makes sense to study if the reflectance 
can be reduced further by prolonging the etching time. For the 
first prolonged etching time experiments we selected the 
sample with the ρ value of 97% since it provided clearly the 
best average reflectance after 3 min etching. Even though the 
diameter of the surface structure was already relatively long ~ 
900 nm after 3min, the longer etching time could make the 
structure deeper, perhaps narrower, and thereby reduce the 
reflectance further. However, as shown in Figure 3, the 
reflectance is not lowered by increasing the etching time, on 
the contrary, the longest etching time (10 min) results in the 
worst reflectance. Thus, it seems that the mere increase in 
etching time is not the key in the process optimization and the 
deep and narrow nanostructures that should be ideally formed 
by MACE are still not achieved. In general, this result suggests 
that the ρ value of 97% is not the optimal concentration as it 
seems that H2O2 is still too aggressively attacking Ge surfaces. 
Therefore, lower concentration of H2O2 producing smaller 
initial structures was considered as a next logical attempt for 
making the structures deeper and narrower. 
Based on the above, we next focused on the sample with 
nano-scale structure (Figure 1(a)), which was fabricated using 
the ρ value of 99%. As mentioned above, the depth of the 
structures could be likely enhanced by increasing the etching 
time but simultaneously one should avoid too much lateral 
extension of the structures due to uncontrolled oxidation and 
etching. Based on the SEM images shown in Figure 4(a), 
Figure 2. Reflectance spectra of nanostructured Ge samples etched for 3 min in 1-step MACE solution with different ρ 
values. The as-received wafer experiencing no MACE treatment is shown as a reference. Average reflectance over the 
presented wavelength range for every sample is reported in the legend. 
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increasing the etching time in this sample indeed seems to 
make the structures much deeper (the depth increases from 
140 nm to 230 nm) but without jeopardizing the nano-scale 
lateral dimensions that stay around 150 nm. Since the 
concentration of H2O2 is very low in this case, the generation 
of holes – and thus oxidation - takes most likely place only in 
the vicinity of the metal nanoparticles. Furthermore, since the 
HF concentration is high enough, it secures that the holes are 
confined and consumed near the nanoparticles, preventing 
their diffusion to larger areas. As the etching time proceeds, 
the reaction is limited close to the Ag nanoparticles, which 
then resembles the ideal MACE process mentioned in the 
introduction. However, when the etching time is increased 
further to 12 min, the structures start to show again lateral 
widening and the diameter of the structures extends all the way 
to 290 nm. This indicates that after reaching a specific point 
the direct reaction between HF/ H2O2 and Ge without Ag 
would start to dominate again over the conventional and ideal 
MACE process. This could be due to the earlier reported 
observation that after long enough etching time Ag is already 
largely consumed [33,34] and this causes the spreading of the 
structure dimensions despite the fact that Ag is known to be a 
relatively stable nanoparticle (e.g. as compared to Cu). 
Alternatively, after long etching time Ag nanoparticles are 
located so deep in the nanostructures that it takes more time 
from the chemicals to reach the bottom of the valley and a 
competitive reaction nearby starts to take place. 
Figure 4(b) shows the corresponding reflectance spectra for 
the same Ge samples. Contrary to the sample with high H2O2, 
an excellent improvement in the optical performance is 
obtained by increasing the etching time. The samples show a 
clear trend with increasing etching times from 3 min up to 10 
min. The best average reflectance of 9.0% at the wavelength 
range of 400-1600 nm is achieved after 10 min etching time 
and is better than has been reported before in Ge MACE 
process [22]. When the etching time is increased further, 
reflectivity starts to increase again. This behavior agrees with 
the changes seen in the morphology and as discussed above, 
the lateral etching takes over the ideal MACE process when 
the etching time is long enough (see Figure 4(a), lower right 
corner). It is worth to note that a relatively low reflectivity of 
~12% is also achieved near the IR region, which indicates that 
MACE process can be beneficial for the applications focusing 
on this wavelength region as well. 
Generally, the main benefit of the proposed MACE 
process, as compared to traditional antireflection coating, is 
Figure 3. Reflectance spectra of nanostructured Ge samples after 1-step MACE process with ρ value of 97% after different 
etching times. Average reflectance over the presented wavelength range for every sample is reported in the legend. 
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that it is applicable simultaneously to a broad wavelength 
range (from UV to NIR). While there have been other ways to 
make nanostructures to Ge, e.g. plasma dry-etching processes 
[ 35 , 36 ] the benefit of MACE, in addition to industrial 
scalability, is that it can be applied also to thin layers of Ge. 
For instance in RIE, typical etching depth can be several 
(a) 
7 min 3 min 
10 min 12 min 
(b) 
Figure 4. (a) SEM cross-sectional images and (b) the corresponding reflectance spectra of MACE nanostructured Ge samples 
with a ρ value of 99 % and with various etching times. The previous result of MACE Ge nanostructures by Lee et al. [22] is 
also shown as a reference. Average reflectance over the presented wavelength range for every sample is reported in the legend. 
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microns [35] while here in MACE it is much less, only a few 
hundred nm.  
4. Conclusions 
We have demonstrated that a simple one-step MACE 
process consisting of AgNO3/HF/ H2O2 chemical mixture can 
be successfully applied to Ge surfaces, which results in a 
significant reduction in surface reflectance from over 40% to 
less than 10% over a wide wavelength range (400 - 1600 nm). 
We have shown that the concentration of H2O2 affects greatly 
the surface morphology and thus the optical properties of the 
surfaces. When the volume of H2O2 was increased, the 
obtained micron-scale structure resembled inverted cone-like 
shapes independent of the etching time. In contrast, a much 
lower concentration of H2O2 enabled nano-like pore formation 
that was further improved by extending the etching time. 
Consequently, the challenge related to the high reactivity of 
Ge surfaces could be overcome by properly tuning the etching 
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